The Snail transcription factor plays as a master regulator of epithelial mesenchymal transition (EMT), one of the steps of tumor metastasis. Snail enhances expressions of a lot of mesenchymal genes including the matrix degradation enzyme matrix metalloproteinases 9 (MMP9) and the EMT transcription factor zinc finger E-box binding homeobox 1 (ZEB1), however, the underlying mechanisms are not clarified. Herein, we investigated how Snail upregulated transcription of ZEB1 and MMP9 induced by the tumor promoter 12-O-tetradecanoyl-phorbol 13-acetate (TPA) in hepatoma cell HepG2. According to deletion mapping and site directed mutagenesis analysis, the TPA-responsive elements on both MMP9 and ZEB1 promoters locate on a putative EGR1 and SP1 overlapping region coupled with an upstream proposed Snail binding motif TCACA. Consistently, chromatin immunoprecipitation (ChIP) assay showed TPA triggered binding of Snail, EGR1 and SP1 on MMP9 and ZEB1 promoters. Double ChIP further indicated TPA induced association of Snail with EGR1 and SP1 on both promoters. Also, electrophoresis mobility shift assay revealed TPA enhanced binding of Snail with a MMP9 promoter fragment. According to shRNA techniques, Snail was essential for gene expression of both ZEB1 and MMP9. In conclusion, Snail transactivates genes involved in tumor progression via direct binding to a specific promoter region.
The poor prognosis of hepatocellular carcinoma (HCC), one of the most devastating cancers worldwide, is due to frequent recurrence and metastasis after surgical resection 1 . Tumor metastasis occurs via complicated processes, including epithelial mesenchymal transition (EMT), migration and invasion of primary tumor, followed by intravasation, extravasation and colonization at the metastatic loci 2 . In the past decades, Snail was highlighted as one of the transcription factors responsible for tumor progression [3] [4] [5] . Specifically, over-expression of Snail was found to be associated with poor prognosis of HCC 5, 6 and may accelerate EMT and invasion of HCC 2, 6 . Also, silencing of Snail effectively suppressed tumor growth and invasiveness of HCC 7 . Conventionally, Snail was well known to be a negative regulator of gene expression responsible for diverse cellular effects 8 . Snail plays as one of the essential EMT transcription factor 9 typically repressing the transcription of E-cadherin, one of the essential epithelial markers 10, 11 . On the other hand, the role of Snail as a transcriptional activator was also greatly implicated. Snail may enhance mesenchymal markers including fibronectin, collagens, the matrix degradation enzyme matrix metalloproteinases 2 and 9 (MMP2 and MMP9) and other EMT transcription factors such as Twist and zinc finger E-box binding homeobox 1 (ZEB1) 8, 12 . Among them, MMP9 [13] [14] [15] and ZEB1 16, 17 were known to be involved in HCC progression. Moreover, Snail may enhance transcription of MMP9 in HCC 18 . The transcriptional mechanisms for Snail to suppress E-cadherin have been well elucidated 9 . Snail contains tandem Cys 2 -His 2 zinc-finger motifs in the C-terminal capable of binding to the E-boxes (5′-CACCTG) on E-cadherin promoter, interfering with its transcription. This was ascribed to the Snail-triggered recruitment of various epigenetic machineries such as histone deacetylase and Polycomb repressive complex 2 to the E-cadherin promoter resulting in histone H3K4 deacetylation and H3K27 methylation [19] [20] [21] . Together, these chromatin-modifying enzymes function in a Snail-mediated, highly orchestrated fashion to suppress E-cadherin transcription. In contrast, the detailed mechanisms for Snail to upregulate transcription of genes such as MMP9 1 and ZEB1 are far less clarified. Previous studies indicated that Snail activated transcription of MMP9 and ZEB1 indirectly via regulation of other transcription factors such as Twist, Ets-1 and SP1 or microRNAs (see discussion, section 1). However, the possibility that Snail directly activates target gene promoter was also highlighted recently. Rembold et al. showed that Snail positively modulated transcriptional activation of target genes involved in Drosophila development via direct binding to promoters 22 . Our recent study also indicated that Snail, in collaboration with EGR1 and SP1, may directly activate transcription of the inhibitor of cyclin-dependent kinase 4/6 (CDK4/6), p15 INK4b , in HepG2 cell stimulated by the phorbol ester tumor promoter 12-O-tetradecanoyl-phorbol 13-acetate (TPA) 23 . Moreover, we pinpointed a potential consensus Snail binding motif (TCACA) upstream of EGR/SP1 overlapping region on p15
INK4b promoter 23 . Interestingly, the same sequence architecture was also found within promoters of a lot of Snail-upregulated genes including MMP9 and ZEB1 ( Fig. S1A and B) . It is tempting to investigate whether there is consensus mechanism for Snail to upregulate gene expression via direct binding to specific promoter region.
In this report, we did find TPA induced gene expression of ZEB1 and MMP9 by the similar transcriptional mechanism as that of p15
INK4b
. Specifically, the direct binding of Snail toward the consensus region was shown.
Results
TPA induced gene expression of ZEB1 and MMP9 in HepG2 and HCC340 cells. Initially, we analyzed the time course of TPA-induced gene expression of ZEB1 in HepG2 by RT-PCR. Treatment of the cells with TPA for 0.5-1 h elevated ZEB1 mRNA by 1.6~1.7-fold, which increased by 2.0~2.3-fold within 2-6 h (Fig. 1A  upper panel) . Quantitative real time RT-PCR also showed the TPA-induced elevation of ZEB1 mRNA by 1.28-fold at 0.5 h followed by 2.0~2.7-fold within 1-6 h (Fig. 1C) . Western blot analysis showed that TPA induced ZEB1 protein expression at 4 and 6 h by 5.0-fold (Fig. 1A lower panel) . On the other hand, RT-PCR showed slight induction of MMP9 mRNA induced by TPA at at 3 and 6 h, which further increased by 4.1-fold at 9 h and declined to basal level until 24 h (Fig. 1B, upper panel) . Quantitative RT-PCR also showed the TPA-induced elevation of MMP9 mRNA by 2.2-fold within 0.5~1 h and 2.5~3.4-fold within 2~6 h (Fig. 1C) . By zymography, TPA induced minor secretion of active MMP9 (82 kD) into HepG2 conditioned medium at 24 and 36 h, which further greatly increased at 48 h (Fig. 1B, lower panel) . In contrast, the TPA-induced secretion of MMP2 (62 kD) was less prominent during this period. Thus gene expression of both MMP9 and ZEB1 can be induced by TPA.
TPA induced transcriptional activation of ZEB1 and MMP9 in HepG2 and HCC340 cells.
Whether TPA-induced gene expression of ZEB1 and MMP9 can be associated with promoter activation was further investigated by promoter assay using pGL3 repoter plasmid. As shown in Fig. 1D , TPA induced activation of promoter construct MMP9-950 (the full length MMP9 promoter, 950 bp upstream of translational start site) and ZEB1-1079 (full length ZEB1 promoter, 1079 bp upstream of translational start site) by 17.5-and 6.0-fold, respectively in HepG2 (Fig. 1D, upper panel) . Moreover, TPA can induce activation of MMP9-950 and ZEB1-1079 by 35.0-and 7.0-fold, respectively, in HCC340, a patient derived HCC cell line 24 ( Fig. 1D , lower panel).
Deletion mapping for identification of the TPA-responsive element on MMP9 promoter. To identify the TPA-responsive region on MMP9 promoter, deletion mapping using full length MMP9 promoters coupled with shorter promoter constructs with deletions on the 5′ end ( Fig. 2A , left panel) was performed in HepG2. The full length MMP9 promoter MMP9-950 and the other two 5′-deletion constructs MMP9-615 and MMP9-341, containing MMP9 promoter fragments of 615 and 341 bp respectively, were introduced into HepG2 for 24 h, followed by treatment with TPA for 12 h. The TPA-induced activation of MMP9-950 increased by 17-fold as compared with that of pGL3 vector ( Fig. 2A, right panel) . Remarkably, the TPA-induced activation of MMP9-615 and MMP9-341 were only 2.3-and 1.5-fold, respectively, much less than that of MMP9-950 ( Fig. 2A , right panel). This indicated that the major TPA-responsive region on MMP9 promoter locates between 950 bp to 615 bp upstream of the transcriptional initiation site. To further dissect the exact TPA-responsive element, four more detailed 5′-deletion constructs MMP9-870, MMP9-832, MMP9-812 and MMP9-771 containing MMP9 promoter fragments of 870, 832, 812 and 771 bp, respectively, were employed. As shown in Fig. 2B , TPA-induced promoter activation of MMP9-870 and MMP9-832 exhibited no significant difference from that of MMP9-950, whereas those of MMP9-812 and MMP9-771 decreased by 40 and 82%, respectively, as compared with that of MMP9-950. Thus the TPA-responsive element on MMP9 appeared to locate between 832 bp and 771 bp upstream of the transcriptional initiation site.
Proposed Snail binding motif and putative EGR1/SP1 regions were required for TPA-induced MMP9 promoter activation. According to Genomatix software, there are EGR1/SP1 overlapping region agccccccACCCcccg (The putative regions of EGR1 and SP1 are: EGR1: 5′aagagccccccACCCccg 3′, SP1: 5′agccccCCACcccccgt3′) locating downstream of the proposed Snail binding motif TCACA 23 within the TPA-responsive element (−832 to −771 bp) on MMP9 promoter (Fig. S1A ). This sequence architecture is very similar to that of the TPA-responsive regions on p15
INK4b promoter identified in our previous study 23 . To investigate whether they are also essential for TPA-induced MMP9 promoter activation, MMP9-950 mutants with altered proposed Snail binding motif and the EGR/SP1 overlapping region, denoted as MMP9-950 Snail * and MMP9-950 E/S*, respectively, were obtained by site directed mutagenesis. We examined whether TPA-induced activation of these mutant promoters decreased as compared with the wild type promoter. To confirm the specificity of these regions, MMP9-950 mutants with alteration in two nearby transcription factor binding motifs PAX6 and PLZF denoted as MMP9-950 PAX* and MMP9-950 PLZF*, respectively, were also included. As shown in Fig. 2C , the TPA-induced activation of MMP9-950 Snail* and MMP9-950 E/S* decreased by 74 and 78%, respectively, compared with that of wild type MMP9-950. In contrast, no significant change of TPA-induced promoter activation of MMP9-950 PAX6* and MMP9-950 PLZF* were observed. We noticed that MMP9-950 Snail*, with mutation of the Snail binding motif, exhibited more significant reduction (Fig. 2B ) than MMP9-812 with deletion of Snail binding motif (Fig. 2C ) (75% vs 40%). To address this issue, we analyzed the TPA-induced activity of MMP9-812 and MMP9-950 Snail* simultaneously in a single promoter assay. As shown in Fig. S3 , TPA-induced promoter activity of MMP9-812 and MMP9-950 Snail* decreased by 58 and 64%, respectively, in comparison with that of full length MMP9-950. Thus, the reduction of TPA-induced activity of these two mutants appeared more comparable in a single (Fig. S3 ) than in separate ( Fig. 2B and C) assay. Taken together, EGR1/ SP1 overlapping region coupled with the upstream proposed Snail binding motif was specifically required for TPA-induced activation of MMP9 promoter. upstream proposed Snail binding motif (Fig. S2A ), were PCR-amplified from chromatins precipitated by Snail Ab. As shown in Fig. 3A and B, after TPA treatment, binding of Snail on MMP9-pro179 was scarcely observed at 0.5 and 1 h, reached the peak by 2.5-fold at 2 h followed by a decrease at 6 h. On the other hand, ChIP of EGR1 showed the TPA-induced binding of EGR1 on MMP9-pro179 by 1.8-fold at 1 h, which sustained until 6 h. Also, ChIP of SP1 revealed that the TPA-induced binding of SP1 on MMP9-pro179 increased at 0.5 and 1 h by 2.1 and 5.8-fold, respectively, followed by a decrease at 6 h.
To confirm whether TPA may induce binding of Snail specifically on the proposed Snail binding motif, ChIP primer was designed for amplifying the region between −955 and −800 (MMP9-pro155) containing the proposed Snail binding motif (TCACA) but not EGR/SP1 overlapping region (Fig. S2A ). As shown in Fig. 3A and B, the TPA-induced binding of Snail on MMP9-pro155 increased by 1.5-1.8 fold within 0.5-1 h, reached the peak by 2.7-fold at 2 h, followed by a significant decrease at 6 h. On the other hand, TPA also induced significant binding of EGR1 on MMP9-155 by 1.2-1.7-fold during 1-6 h (Fig. 3A) . In addition, TPA induced binding of SP1 on MMP9-155 at 0.5 and 1 h, which abolished at 2 h and increased again at 6 h, revealing a biphasic induction.
TPA induced co-localization of Snail with EGR and SP1 on MMP9 promoter. Given that TPA induced binding of Snail, EGR1 and SP1 on both MMP9-pro179 and MMP9-pro155 which contain the region around Snail binding motif and the nearby EGR1/SP1 overlapping region, it is tempting to prove that TPA may trigger co-localization of Snail with EGR1 and/or SP1 on MMP9 promoter. To address this issue, double ChIP of Snail coupled with EGR1 or SP1 was performed using real time PCR for quantitation. The double ChIP primer was designed for amplifying the fragment between −820 and −655 bp (MMP9-pro165) containing both the proposed Snail binding motif TCACA and EGR/SP1 overlapping region (S2A Fig). EGR1 Ab was used for the 1 st ChIP and Snail Ab for the 2 nd to detect whether Snail co-localized with EGR1 on this promoter fragment. As shown in Fig. 3C , treatment of the cells with TPA for 2 h increased MMP9-pro165 (amplified from EGR1/Snail double ChIP) by 3.5-fold, which then declined by 1.5-fold at 6 h. Also, Snail Ab was used for the 1 st ChIP and SP1 Ab for the 2 nd to detect whether Snail co-localized with SP1 on this promoter fragment. Treatment of TPA increased MMP9-pro165 (amplified from Snail/SP1 double ChIP) by 2.86-fold at 2 h and further increased by 3.86-fold at 6 h. Collectively, these results indicated that TPA can induce co-localization of Snail with EGR1 and SP1 on MMP9 promoter.
According to double ChIP as described above, there is great possibility that these transcription factors interact with each other upon TPA induction. Our previous report 23 has suggested TPA can induce not only gene expression of Snail, EGR-1 and SP-1 but also association between Snail and EGR1 or EGR1 and SP1 in HepG2. We further investigated these molecular events in a more comprehensive manner in both HepG2 and HCC340. As shown in Fig. 3D , TPA induced expression of Snail at 1-2 h by 3.3~3.5-fold and further increased by 5.1-fold at 6 h in HepG2, whereas it induced expression of Snail at 1-2 h by 2.5~2.9-fold, and sustained until 6 h in HCC340. Notably, an un-identified band (indicated by*) with a molecular weight slightly higher than Snail at 6 h time point was observed in both cells. On the other hand, TPA induced significant expression of EGR1 (as the band indicated by >) by 2.5~2.9-fold at 1 h and declined thereafter in both cells. In addition, TPA marginally induced SP1 at 2 h in HepG2 but not in HCC340. We also investigated whether TPA-induced Snail and EGR was controlled on the transcriptional level. To do this, actinomycin D, an inhibitor of RNA polymerase was employed. As shown in Fig. S4 , co-treatment of 20 nM actinomycin D with TPA reduced the TPA-induced Snail and EGR1 in HCC340 by 80%, Thus induction of both Snail and EGR1 by TPA are transcription-dependent in HCC340. Although actinomycin D prevented TPA-induced EGR1 by 90% in HepG2, it cannot suppress TPA-induced Snail expression (Fig. S4) . In fact, actinomycin D even greatly enhanced TPA-induced Snail expression, the underlying mechanism remained elusive Thus how Snail was induced by TPA in HepG2 needs to be clarified further.
To analyze protein-protein interaction, IP of Snail followed by Western of EGR1 was performed in both cells. Treatment of HepG2 and HCC340 by TPA for 1 h triggered the association of Snail with EGR1 by 2.9 and 2.5-fold, respectively, which slightly declined at 2 h and abolished at 6 h, using input of GAPDH as a loading control (Fig. 3E , see the ratio of Snail bound EGR/GAPDH). However, the increase of relative association of Snail with EGR1 is less prominent at 1 h (1.2-1.5-fold) in HepG2 and HCC340, if the data was normalized with Western of Snail from the immunoprecipitate of Snail, or Western of EGR1 from the immunoprecipitate of EGR1 (Fig. 3E , see the ratio of Snail bound EGR/Snail and Snail bound EGR/EGR). This was obviously due to that both Snail and EGR1 were elevated by TPA within this period (Fig. 3D,E) . Nevertheless, the total association between Snail with EGR1 was indeed increased as their amount increased.
In addition, we observed whether TPA also induces the association of Snail with SP1. Although we found TPA induce significant SP1 expression as revealed in the IP of SP1coupled with Western blot of SP1 at 2 h (Fig.  S6) , IP of SP1coupled with Western blot of Snail showed marginal increase of association of SP1 and Snail at 2 h compared with the time zero group in HepG2 (Fig. S6 ).
Snail binds with specific MMP9 promoter fragment in vitro. To confirm that Snail may specifically bind with MMP9 promoter in vitro, electrophoresis mobility shift assay (EMSA) was performed using a 25 bp probe, MMP9-proSN, covering the proposed Snail binding motif but not EGR1/SP1 overlapping region (Fig.  S2C ). As shown in Fig. 4 , three EMSA complexes (denoted as SNI, SNII and SNIII) were marginally observed after incubation of MMP9-proSN with nuclear extract of HepG2 treated with TPA for 0 and 1 h. SNI, SNII and SNIII further were increased by 3.0, 5.5 and 6.6-fold, respectively, using the nuclear extract from cells treated with TPA for 2 h, in comparison with that for 1 h. At the 6 h time point, SNI increased by 20%, whereas SNII decreased by 50% compared with that at the 2 h time point. On the other hand, the 2 h-TPA sample was used for competition and antibody blocking analysis. Addition of a 20 bp unlabeled wild type probe (spanning the 5′ region of MMP9-proSN, depicted in Fig. S2C ) to the EMSA reaction mix abolished SNI, SNII, and SNIII to basal level, whereas only SNII was significantly reduced if the mutant probe (with 3 bp alteration within the TCACA motif) was added instead. Remarkably, addition of Snail Ab to EMSA reaction mix totally abolished all three complexes to basal level (last lane). Also, addition of EGR1 and SP1 Ab significantly decreased SNII and SNIII by 60-70% but slightly decreased SNI. This result strengthened the possibility that Snail coupled with EGR1 and SP1can specifically bind to the TCACA motif.
Identification of the TPA-responsive element on ZEB1 promoter. According to the promoter sequence of ZEB1 shown in supplemental Fig. 1B , the proposed Snail binding motif coupled with alternative putative regions of EGR1 and SP1 (EGR1+: 5′gggtgTGGGaggccgaggt3′; SP1+: 5′gaagaGGGCggggagcg3′), were also found in the distal region (searched by Genomatix software). Thus we examined whether they are also required for TPA-induced promoter activation of ZEB1 in HepG2. The full length ZEB1 promoter, ZEB1-1079, was used for constructing various mutants with sequential deletion from 5′ end. Among them, ZEB1-1061 (deletion of 18 bp) contains EGR1 and SP1 overlapping region and upstream proposed Snail motif, whereas the other deletion constructs, ZEB1-967, ZEB1-944, ZEB1-931, ZEB1-900 and ZEB1-830 (deleted by 112, 135, 179 and 249 bp, respectively) doesn't (Fig. 5A, left panel) . As shown in right panel of Fig. 5A , TPA induced similar extent of promoter activation of ZEB1-1079 and ZEB1-1061 by about 5.0~6.0-fold. Remarkably, the TPA-induced promoter activation of ZEB1-967, ZEB1-944, ZEB1-931, ZEB1-900 and ZEB1-830 decreased by 55, 71, 52, 58, and 70%, respectively, as compared with that of ZEB1-1079. This suggested that the TPA-responsive element on ZEB1 promoter locates between −1061 and −830 containing EGR1/SP1 overlapping region and the upstream proposed Snail motif. Moreover, the TPA-induced promoter activation of ZEB1-1079 Snail*, the mutant of ZEB1-1079 with alteration on the proposed Snail binding motif, decreased by 75% as compared with that of the wild type ZEB1-1079 (Fig. 5B) . Together, the putative EGR1 and SP1 binding regions coupled with the upstream proposed Snail binding motif were also required for TPA-induced promoter activation of ZEB1. TPA triggered binding of Snail, EGR1 and SP1 on ZEB 1 promoter. Further, whether TPA may also trigger binding of Snail, EGR1 and SP1 on ZEB1 promoter was examined in HepG2. ChIP assay was performed using quantitative PCR amplifying −1079~−802 of ZEB1 promoter fragment (ZEB1-pro278) (Fig. S2B) containing the aforementioned Snail, EGR1 and SP1 binding region in ZEB 1 promoter. As shown in Fig. 5C , treatment of the cells with TPA for 2 h dramatically elevated the binding of Snail on ZEB1-pro278 by 8.3-fold, which greatly declined to 2.5-fold at 4 h and return to basal level at 6 h. The TPA-induced binding of EGR1 on ZEB1-pro278 was maximal (4.5-fold) at 30 min, which declined to 1.9-fold at 1 h, whereas that of SP1 was maximal (12.0-fold) at 1 h, partially decreased at 2 h (6.0-fold) and totally declined after 4 h. Thus TPA induced binding of the three transcription factors on ZEB1 promoter containing the sequence motif similar to that within MMP9 promoter.
Whether TPA may trigger co-localization of Snail with EGR1 and SP1 on ZEB1 promoter was further examined by double ChIP assay. As shown in Fig. 5D , treament of HepG2 with TPA for 2 h resulted in a dramatic increase (to about 10-fold) of ZEB1-pro278 amplified from double ChIP of Snail 1 st /EGR1 2 nd , which greatly declined at 4 and 6 h. On the other hand, TPA slightly increased ZEB1-pro278 amplified from double ChIP of Snail 1 st /SP1 2 nd at 2 h, indicating weak co-localization between Snail and SP-1. Collectively, these results suggested that TPA can induce the co-localization of Snail with EGR1 on ZEB1 promoter, in similar with that observed on MMP9 promoter.
Snail is essential for TPA-induced ZEB1/MMP9 promoter activation and gene expression. We further examined whether Snail was required for TPA-induced ZEB1 and MMP9 gene expression, using shRNA technique. Several Snail shRNA expression plasmids, SNsh18, 19, 20, capable of blocking TPA-induced Snail gene expression were employed. The TPA-induced elevation of Snail mRNA at 4 h was abolished by prior transfection of SNsh20, which accompanied the dramatic down regulation of MMP9 and ZEB1 mRNAs by 100 and 82%, respectively, compared with that of control Lamin shRNA in HepG2 (Fig. 6A) . Also, in a quantitative real time RT-PCR, ZEB1 and MMP9 mRNA induced by TPA at 4 and 6 h, respectively, were decreased by depletion of Snail mRNA by 80-90% (Fig. 6B) . We further examined whether blockade of Snail induction prevented the TPA-induced ZEB1 and MMP9 promoter activation. As shown in Fig. 6C , co-transfection of SNsh 18, 19 or 20 with the promoter plasmid MMP9-950 or ZEB1-1079 suppressed the TPA-induced activation of MMP9-950 (Fig. 6C, upper panel) and ZEB-1079 (Fig. 6C, lower panel) by 40-50%, as compared with that of control GFP shRNA in HepG2.
To further investigate whether elevated expression of Snail per se was sufficient for triggering gene expression of ZEB1 and MMP9 mRNA, a Snail expression plasmid, p-Snail, was employed. As shown by RT-PCR in Fig. 6D , transfection of the HCC340 with Snail expression plasmid for 36 h elevated Snail expression to 5.0-fold, accompanied with the increase of ZEB1 and MMP9 mRNA to 2.8 and 2.1-fold, respectively, in HCC340. Quantitative real time RT-PCR also showed a 2.9-fold elevation of ZEB1 and MMP9 mRNA in HCC340 overexpressing Snail (by 10-fold) (Fig. 6E) .
Discussion
Snail regulates MMP9 and ZEB1 expression through both indirect and direct mechanism. In the past decades, a lot of studies showed that Snail upregulated transcription of MMP9 and ZEB1 in different contexts. In MDCK cell, Snail mediated the TGFβ-induced MMP9 activation by promoting the binding of SP-1/Ets-1 and nuclear factor kappaB (NFkappaB) to the proximal and distal promoter regions, respectively 25 . During oral cancer progression, Snail mediated TGFβ1-induced MMP-9 expression via upregulating Ets-1 26 . Moreover, Snail1 activated MMP9 transcription via suppression of Cezanne2 in HCC 18 . On the other hand, Snail1 upregulated transcription of ZEB1 by elevating gene expression of Twist and triggering the nuclear translocation of Ets1 27 . Moreover, Snail increased ZEB1 by down-regulation of miR-200 28, 29 , known to be negative regulators of ZEB1 [29] [30] [31] . Collectively, these studies revealed that Snail enhanced gene expression of MMP9 and ZEB1 in an indirect fashion. However, in this study we found Snail, in collaboration with EGR and SP1, can directly activate MMP9 and ZEB1 by binding to a consensus sequence (TCACA), upstream of EGR1 and SP1 binding region. Thus, it appears that both direct and indirect mechanisms are involved in Snail-triggered transcriptional upregulation of ZEB1 and MMP9.
The consensus Snail binding motif in promoter of Snail-upregulated gene is emerging. It has been established that Snail may bind on E-box to downregulate transcription of a lot of genes including E-cadherin 10, 11 . There are two E-box 5′-CACCTG (−972~−988 and −204~−216) on MMP9 promoter, however, according to our deletion mapping analysis, they are not involved in Snail upregulated gene expression in HepG2 (data not shown). In this and our previous study 23 , a novel Snail binding region"TCACA" for upregulating gene expression was identified. Interestingly, a consensus binding site of Drosophila gene snail (sna), 5′-G(or A)A/TG(or A)ACAGGTGC(or T) AC-3′ 32 , have been identified in the developing embryo. Lately, this was found to exist in the enhancer elements of the majority of "Snail-activated" genes expressed in the mesoderm at the stages of Snail occupancy 22 . Interestingly, the sequences contained within this binding site (note the sequences indicated as underlined) was similar with the proposed Snail motif "TCACA" identified on the promoters of ZEB1, MMP9 and p15
INK4b
. In the future, whether there are similar consensus binding motifs for Snail to upregulate gene expression among different species is worth investigating.
The role of Snail-ZEB1/MMP9 transcriptional unit in HCC progression. Previously, the close relationships of Snail with MMP9 and ZEB1 were frequently observed in the molecular pathway triggering HCC progression. For example, overexpression of ZEB1 and Snail were simultaneously induced by14-3-3ε, required for EMT and migration of HCC 17 . Moreover, overexpression of Tetraspanin CD151 in HCC facilitated MMP9 expression through a Snail mediated pathway 33 . In addition, Axl/14-3-3ζ signaling caused up-regulation of tumor-progressive TGF-β target genes including MMP9 and Snail 34 . Consistently, we found Snail was required for TPA-induced cell migration 35 and transcriptional activation of MMP9 and ZEB1 ( Fig. 6A and B) in HepG2. Moreover, overexpression of Snail triggers gene expression of ZEB1 and MMP9 ( Fig. 6D and E) . Thus, the Snail-ZEB1/MMP9 transcriptional unit may serve as molecular machinery for triggering HCC progression.
Conclusion and Perspective
In this study, we establish a general transcriptional mechanism by which Snail upregulates gene expressions. Specifically, Snail directly binds to a consensus motif in the distal promoter upstream of the EGR/SP-1 binding region. By Genomatix software, we found the similar sequence architectures were also revealed in promoters of several other Snail-upregulated mesenchymal genes such as fibronectin 36 and lymphoid enhancer-binding factor (LEF) 37 ( Fig. S1C) , which are also involved in HCC progression 38, 39 . In a preliminary time course analysis, we found fibronectin can be induced by TPA at 2 h and LEF can be biphasically induced by TPA by 3.2 and 3.5-fold, at 1 and 4 h, respectively, in HepG2 (Fig. S5) . In the future, whether these genes are also upregulated by Snail in a similar fashion as MMP9 and ZEB1 is worth investigating.
Materials and Methods
Cell culture, chemical. The cultured conditions for HCC340 and HepG2 cells were the same as described in our previous reports 24, 35 . HCC 340 is a patient-derived hepatocellular carcinoma cell line from Buddhist Tzu Chi Hospital, Taiwan 24 . Tetradecanoyl phorbol acetate (TPA) was purchased from Sigma-Aldrich (Poole, UK). The snail expression plasmid, p-Snail, driven by CMV promoter within the pcDNA3 vector, is a gift from Dr. Cheng K.K. in Tzu Chi university.
Constructions of various promoter plasmids for deletion mapping.
The promoter regions in the full length promoter plasmids MMP9-950 and ZEB1-1079 were amplified from genomic sequence of MMP9 and ZEB1 encompassing 950 bp and 1079 bp, respectively, upstream of translation start site. The PCR products were ligated into pGL3 vector (Promega, Madison, WI, USA). The promoter plasmids MMP9-870, MMP9-832, MMP9-812, MMP9-615, MMP9-341 and ZEB1-1061, ZEB1-967, ZEB1-830 were derived from MMP9-950 and ZEB1-1079, respectively, by double digestion with various restriction enzymes followed by filling in the restriction site overhangs by Klenow enzyme. Subsequently, the digested DNA fragments were ligated into pGL3 vector.
Site-directed mutagenesis on MMP9 and ZEB1 promoters. The full length promoter plasmids MMP9-950 and ZEB1-1079 were used as templates for site-directed mutagenesis using a GeneEditor in vitro site-directed mutagenesis system (Promega, Madison, WI, USA) to obtain various mutant promoters according to the manufacturer's protocol. MMP9-950 Snail* and MMP9-950 E/S* are mutant promoters with alteration of 3 bp in proposed Snail binding motif (TCACA) and the EGR1 overlapping (CCCACC), respectively, on MMP9-950, whereas MMP9-950 PAX6* and MMP9-950 PLZF* are mutants with alteration on the putative binding motifs of PAX6 and PLZF, respectively. ZEB1-1079 snail* is the mutant of ZEB1-1079 with alteration on Snail binding motif (TCACA). The bases changed in the site-directed mutagenesis for proposed Snail binding motif (TCACA) and the EGR1/SP1 overlapping region were the same as those described in our previous report 23 . Chromatin immunoprecipitation (ChIP) assay. ChIP assay was performed using a modification of the standard protocol. Briefly, chromatins were cross-linked with transcription factors or other chromatin-associated proteins, sheared by sonication into fragments (100-1000 bp) and immunoprecipitated using polyclonal antibodies against Snail, EGR-1 and SP-1. As a positive control, antibody of histone H3 (Santa Cruz Biotechnology, California, USA) was used to precipitate the histone-bound GAPDH promoter. The recovered DNA was analyzed by PCR with primers flanking the putative transcription factor binding sites as indicated. For quantitation, the gels were scanned and the intensity of each PCR band was estimated with gel digitizing software, un-scan-it gel v. 5.1. The primers used for PCR of the ChIP fragments MMP9-pro179, MMP9-pro155, ZEB1-pro278 and GAPDH promoter were designed using primer 3 software as shown in Table 1 . The PCR program was 95 °C for 10 minutes followed by 45 cycles of 95 °C for 50 seconds, 60 °C for 40 seconds and 72 °C for 1 minute.
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Electrophoresis mobility shift assay (EMSA). Probes for EMSA were prepared as biotin-labeled DNA promoter fragments using Biotin 3′ End DNA Labeling Kit (Pierce) according to manufacturer's procedure. The sequence of the biotin-labeled probe (25 bp) and un-labeled competitors of MMP9 promoter (20 bp) are 5′TTTAATCCTCACATCAATTTAGGGA3′ and TTTAATCCTCACATCAATTT (wild type)/ TTTAATCCTAGAATCAATTT (mutant), respectively. For EMSA reactions, 15 μg of nuclear extracts were incubated with 1 μg/μl polydI. dC, and 1 μg/μl of biotin-labeled DNA probe. For competition assays, 200-fold of unlabeled DNA probes was added in reaction mix. For antibody blocking, 15 μg of nuclear extracts were pre-incubated with 2 μg of various antibodies (Santa Cruz Biotechnology, California, USA) and 1 μg/μl of biotin-labeled DNA probe at room temperature for 30 minutes. After separation by 6% polyacrlamide gel, the DNA-protein complexes were detected by avidin-linked HRP using Chemiluminescent Nucleic Acid Detection Module (Pierce).
Western blot. Western blot was performed as described in our previous report 35 . The antibodies against Snail, EGR1, SP1, MMP9 and ZEB1 were from Santa Cruz Biotechnology (California, USA). For quantitation, the intensity of each specific band was estimated with gel digitizing software un-scan-it gel v. 5.1.
shRNA technology. Lentiviral plasmids each encoding shRNA targeting different regions of the indicated mRNA were obtained from RNAi Core Laboratory (Academia Sinica, Taiwan). Cells at 60% confluence were transfected with shRNA, using lipofectamin transfection reagent (Invitrogen Ltd, Renfrew, UK) according to the manufacturer's protocol. Lentiviral plasmid encoding human Lamin A shRNA was used as a control shRNA. The sequence of shRNA fragments targeting different regions of Snail were the same as those used in our previous study 23 .
Zymography. Briefly, HepG2 was treated with TPA for appropriate times, then the conditioned mediums were collected and subjected to 0.1% gelatin-8% SDS-PAGE electrophoresis. Subsequently, gels were washed with
